Nr2e3 is an orphan nuclear receptor expressed specifically by retinal photoreceptor cells.
INTRODUCTION
The vertebrate retina contains two types of visual photoreceptor cells, rods and cones. Rods mediate vision in dim light via the visual pigment rhodopsin, while cones mediate color vision in bright light by using cone opsins. The ratios of rods vs. cones and their spatial distribution in the retina vary greatly among different species. In humans, 5% of the photoreceptors are cones, which occur at highest density in the macula. There are three cone subtypes that express the short (S, blue), long (L, red), or medium (M, green) wavelength cone opsin, respectively (1) . In mouse retina, 3% of the photoreceptors are cones with only two subtypes, S (UV) and M (green) cones. They are spatially patterned in the dorsal vs. ventral region, although some individual cones in the middle can express both cone opsins (2, 3) .
During development of the vertebrate retina, the rod and cone photoreceptors and five other major cell types are all derived from multipotent progenitor cells (4, 5) . Thymidine birthdating studies in mice showed that cones are born between embryonic day 12.5 (E12.5) and E17.5, while rods are generated over a longer period from E13 to postnatal day 10 (P10), peaking at birth (6, 7) .
There is a significant delay between the birth date of photoreceptor precursors and the onset of opsin gene expression (8) . Thus, photoreceptor differentiation can be visualized as a process of selectively turning on (or off) the expression of sets of specific genes. This selective gene expression is not only important for the development of photoreceptors but also for maintaining the integrity and function of each photoreceptor subtype, as over-expression or under-expression of a photoreceptor gene such as rhodopsin can lead to photoreceptor degeneration (9, 10) .
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Both intrinsic factors and extrinsic cues are important in regulating photoreceptor gene expression and fate specification (11) . Some transcription factors and cofactors have recently been identified as intrinsic factors. The homeodomain transcription factor Otx2 (12) and the basic helixloop-helix protein NeuroD1/ Beta2 (13) are involved in specifying photoreceptor lineage. The neuroretina leucine zipper protein Nrl (14) and the retinoblastoma (Rb) protein (15) are critical for the development of rods, while the thyroid hormone receptor β2 (Trβ2) (16) is essential for the development of M-cones. The nuclear receptor Nr2e3 [formerly PNR, (17) ] appears to be involved in the cell fate determination of rods vs. S-cones (see below). Acting downstream of Otx2, the cone-rod homeobox (Crx) protein is required for the development and maintenance of photoreceptor function by regulating the transcription of many photoreceptor-specific genes (18) (19) (20) . Crx plays this role by interacting with other transcription regulators, including Nrl (21) , Qrx (22) , the non-histone chromatin protein HMG I (Y) (23) , ataxin-7 (24, 25) , and BAF (26) . Not surprisingly, defects of these transcription regulators, such as Nrl (27) , Crx (28) (29) (30) (31) , ataxin-7 (32) and Qrx (22) , can lead to transcriptional dysregulation of the target genes, resulting in developmental defects or photoreceptor degeneration. Thus, interactions among a network of photoreceptor transcription factors are required for the development and maintenance of photoreceptors.
Among the members of this network of transcription factors, Nr2e3 is unique in many respects. It was identified as a ligand-dependent nuclear receptor that is homologous to an orphan nuclear receptor, Nr2e1 (formerly tailless, or TLX), which is involved in the development and maintenance of normal function of the central nervous system (CNS) in Drosophila and mammals (17, 33, 34) . Although Nr2e3 has a DNA-binding domain near the N-terminus and can bind to a consensus target sequence of Nr2e1 as a dimer (17) , its ability to bind native targets has not been at Pennsylvania State University on February 23, 2013 http://hmg.oxfordjournals.org/ Downloaded from established. Nr2e3 also contains a ligand-binding domain in the C-terminus for a ligand not yet identified (17) . Nr2e3 is expressed specifically by retinal photoreceptor cells (17) , and appears to act downstream of Nrl to regulate the development of rods vs. S-cones (14) . Mutations in human Nr2e3 cause an autosomal recessive disease called enhanced S-cone syndrome (ESCS) characterized by hyperfunction of blue cones, but defective function of rods, and blindness in the late stages (35, 36) .
Pathological studies showed excess S-cones in the retina, some of which express both S-and M-cone opsins (37) . This phenotype is unique among retinal degenerative diseases, almost all of which show universal loss of rod and cone function. In mice, a 380-bp deletion in the coding region of Nr2e3 is responsible for the phenotype of the Nr2e3 rd7/rd7 (rd7) mouse (38) . The rd7 mouse retina contains whorls and rosettes in the photoreceptor layer at early ages followed by slow photoreceptor degeneration. Similar to ESCS in humans, the rd7 retina has an excess of cones that express mostly S-cone opsin (39) , although rod function appears to be normal in young adults based on electroretinography (ERG) (38) . These results suggest that Nr2e3 is involved in photoreceptor subtype specification and maintenance. More recently, rod photoreceptors have been reported to express Nr2e3 (40, 41) , which interacts with Nr1d1, another orphan nuclear receptor (40) . Coexpression of Nr2e3 and Nr1d1 enhances the potency of Crx and Nrl to activate the rhodopsin promoter in HEK293 cells, suggesting that Nr2e3 plays a role in regulating rod gene expression (40) .
We performed a series of experiments aimed at determining the role and mechanism of action of Nr2e3 in photoreceptor subtype specification. Here, we report that Nr2e3 interacts directly with the homeodomain transcription factor Crx on various Crx-target genes in rod photoreceptor cells.
The Crx-Nr2e3 complex exerts opposing effects on the transcription of rod vs. cone target genes.
Some of the Nr2e3 mutations linked to human disease disrupted the interaction with Crx and/or 
RESULTS

Nr2e3 and Crx form a direct interaction through the DNA binding domain
To determine the mechanism by which Nr2e3 regulates the development of photoreceptor subtypes, we carried out yeast two-hybrid screens for retinal proteins that interact with Nr2e3. Such an interaction in AH109 yeast cells will activate the His3 reporter, resulting in growth on histidinedeficient selection medium (see Materials and Methods). Yeast cells transformed with only the bait construct Nr2e3-Full, containing a full-length cDNA encoding human Nr2e3, were not able to grow on the selection medium ( Figure 1A ). Screening of 2x10 6 clones from a bovine retinal cDNA library 
<Figure 1B and 1C>
Nr2e3 is coexpressed with Crx in mature and developing rod photoreceptors
To investigate whether Nr2e3 interacts with Crx in vivo, we examined the spatial and temporal expression patterns of these two proteins in the retina. For this purpose, we generated rabbit antibodies against two peptides residing in the N-terminus (p20) of mouse Nr2e3 and the middle portion (p183) of human Nr2e3, respectively (Supplemental figure 1A) . We confirmed the specificity of these antibodies for native Nr2e3 in Western blots of protein extracts from various tissues and cell 
<Supplemental figure 1>
To determine which photoreceptor subtype co-expresses Crx and Nr2e3 in the retina, immunofluorescence staining using antibodies specific to Crx (p261) and Nr2e3 (p183), and the cone-specific marker peanut agglutinin (PNA) was performed. Because it is easier to identify cones in primate retina than in mouse retina, adult monkey retinal sections were tested initially. As shown in Figure 2 , while most of the photoreceptor nuclei in the outer nuclear layer (ONL) reacted with the 
<Figure 5> (A)
To test the effect of Nr2e3 on cone gene transcription, similar transfection assays were performed using Sop600-Luc, a S-cone opsin promoter-luciferase reporter. Because the effects of these transcription factors on this promoter had not been established, we examined various concentrations of each expression vector in these assays. As seen in Figure and cone function are normal by electroretinography in the rd7 mouse (38) . We analyzed three rod genes, rhodopsin, Pde6b, and Pde6a, and three cone genes, S-cone opsin, M-cone opsin and Arr3
(cone arrestin) that are direct targets of Crx and Nr2e3 ( Figure 4 ). As shown in Figure 6A , the transcription levels of the rod genes in the rd7 retina were reduced by 13% (rhodopsin), 16% (Pde6a) and 16% (Pde6b), respectively, compared to those in the wild-type retina. In contrast, transcription of cone genes was elevated in the rd7 retina: 18% increase for M-cone opsin, 24% for S-cone opsin and 19% for Arr3. Transcription of I , a gene expressed independently of Crx in both rods and cones, reached comparable levels in wild-type and rd7 retinas (data not shown), suggesting that only
Crx-dependent transcriptional regulation is altered in the absence of Nr2e3. These results confirm our previous observation that Nr2e3 differentially regulates transcription of rod and cone genes by modulating the activity of Crx.
<Figure 6> (A)
To determine if this transcriptional dysregulation in the rd7 retina occurs during development, we examined changes in RNA levels for the above six genes in both rd7 and wild-type mouse retina at P7 and P14, using the P28 RNA levels as references ( Figure 6B and 6C). In rd7 mice, the transcription of cone genes appears to increase faster and reach higher levels than in wild-type mice.
In contrast, the transcription of rod genes peaks at P14 in both rd7 and wild-type mice. However, in rd7 mice, transcription of rod genes does not persist at these high levels and decreases after P14. As a control, the expression of the Irbp gene peaks before P7 and is maintained at a steady level in the period of P7-P28 in both wild-type and rd7 mice (data not shown), suggesting that Irbp transcription is independent of Nr2e3, as well as Crx. The opposing effects of Nr2e3 deficiency on rod vs. cone gene expression further support our observation that Nr2e3 acts as a dual transcription regulator for
Crx-dependent rod and cone genes.
<Figure 6> (B) and (C) Missense Nr2e3 mutations associated with enhanced S-cone syndrome disrupt the interaction with Crx and/or regulation of target gene transcription
To elucidate the mechanisms by which missense Nr2e3 mutations cause enhanced S-cone syndrome (ESCS) in humans, we performed functional analysis on some of the genetically identified human mutations (35) . We chose four mutations, R97H and R76W located in the DNA-binding domain, and W234S and R311Q located in the ligand-binding domain, for our analysis. Each of these four mutations was introduced into the Nr2e3-Full mammalian expression vector by using sitedirected mutagenesis. To see if these mutations affect the ability of Nr2e3 to interact with Crx, we generated 35 S-labeled Nr2e3 proteins using in vitro transcription/translation from these mutated constructs. We then tested the ability of these mutant proteins to be co-immunoprecipitated with Crx by the anti-Crx antibody using the wild-type Nr2e3 as a control. Figure 7A shows that R97H, one of the DBD mutations, dramatically reduced the ability of Nr2e3 to be co-immunoprecipitated with Crx Similar transfection assays using the M-cone opsin promoter-luciferase reporter (Mop250-Luc)
were performed. As shown in Figure 7D , the DBD protein significantly reduced repression of Crx We have also shown that a missense mutation in the homeodomain of human Crx, E80A, diminished the ability of Crx to interact with Nr2e3. The E80A mutation is associated with an autosomal dominant cone-rod dystrophy (28) , although it does not impair the ability of Crx to bind DNA (43) . The finding that this mutated version of Crx demonstrates an altered affinity for Nr2e3 further supports our model, which postulates that the interaction between Crx and Nr2e3 is crucial in establishing and maintaining the rod photoreceptor phenotype by regulating target gene expression. Yeast two-hybrid screening and interaction assays -were performed essentially as described previously (26) buffer containing 50 mM Tris-Cl (pH7.5), 400 mM NaCl, and 0.5% Triton X-100 was used in the wash procedure.
MATERIALS AND METHODS
Nr2e3 expression vectors and other plasmids
Western blot assays -Two anti-Nr2e3 antibodies were generated in rabbits using the synthetic peptides corresponding to amino acids 20-39 (p20) of mouse Nr2e3 and amino acids 183-202 (p183) of human Nr2e3, respectively, and affinity purified (Proteintech Group Inc., Chicago, IL). Western blot assays using whole cell extracts of various rat tissues and cultured human cell lines were performed as described previously (26), except that ECL Plus Western Blotting Detection System and ECL Hyperfilm (Amersham Biosciences) were used for detection. The nuclear and cytoplasmic extracts of mouse retina were made using the NE-PER Nuclear and Cytoplasmic Extraction Reagents Immunohistochemistry studies -Eye sections from adult and embryonic mice were prepared and immunostained with specific antibodies as described previously (26) with some modifications.
C57BL/6J (wild-type) mice were used for these studies, and Nr2e3 rd7/rd7 (rd7) mice were used as as the secondary, followed by labeling Crx using anti-Crx-p261(1:100) as the primary and goat anti-rabbit IgG-A488 (1:400) as the secondary. An extra fixation step (10% formalin for 1 hour) was performed between the two incubations to minimize cross-reactions. Omitting the primary antibody (anti-Crx-p261) in the second labeling was used as a negative control. Antigen retrieval was performed in each single staining as described previously (26) . Markers used in labeling cones include fluorescein peanut agglutinin (Vector Laboratories, 1:400) and a rabbit anti-mCAR (cone arrestin) antibody (1:1000) (58) kindly provided by Dr. Cheryl Craft, University of Southern California.
Chromatin immunoprecipitation assays (ChIP) -These were performed using six pooled mouse retinas as described previously (24) . The mouse strains used in ChIP assays include C57BL/6J (wild- 
